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EXECUTIVE SUMMARY

For the Next Generation Nuclear Plant (NGNP), two of the key long-lead items are the Reactor
Pressure Vessel (RPV) and the vessel(s) for the Intermediate Heat Exchanger (IHX). This
conceptual design study focuses on evaluating design options for these two vessels, taking into
account the anticipated operating conditions for NGNP, the available materials and their
associated metallurgical and physical properties, and acquisition, fabricability, and reliability
factors that could impact NGNP startup by 2018.

For the RPV, both SA-508/533 steel [used for current generation Light Water Reactor (LWR)
RPVs] and higher alloy steels with higher temperature capability [e.g., 9Cr-1Mo-V (Grade 91)
steel] are being considered. Because of the relatively tight NGNP schedule (2018 — 2021
startup) and very limited experience base with the higher alloy steels for nuclear applications,
SA-508/533 steel is emerging as a desirable material for the RPV in order to minimize schedule
risks. Potential RPV and RPV component manufacturers have expressed concerns about
manufacturing thick sections using higher alloy steels, and have indicated that supplying an RPV
made from a higher alloy steel to support a 2018 — 2021 NGNP startup is highly unlikely.

In the absence of active vessel cooling, the RPV temperature during normal operation is
determined by the design point selected for the primary coolant inlet temperature and the design
of the reactor internal components, including the physical location of riser channels that route the
coolant flow to the plenum above the reactor core. Assuming SA-508/533 steel is used as the
Material of Construction (MOC) for the RPV, operation with a coolant inlet temperature above
about 490°C will require use of an active Vessel Cooling System (VCS) to ensure compliance
with ASME code limits. Thermal analyses performed by the Korea Atomic Energy Research
Institute (KAERI) and Fuji Electric Systems (FES) indicate a VCS should not be required if it is
possible to operate the NGNP with a coolant inlet temperature of 490°C and with inlet flow
routed through risers in the Permanent Side Reflector (PSR) (which provides additional thermal
resistance between the inlet flow and RPV). Design measures to optimize power and coolant
flow distributions should result in acceptable fuel temperatures during normal operation with
coolant inlet/outlet temperatures of 490°C/950°C. Some of these design measures (e.g.,
restraint mechanisms and sealing keys to reduce bypass flow) will require additional design work
and technology development to demonstrate their feasibility and effectiveness. This design
strategy would also require the reactor internal design to essentially preclude leakage flow from
the PSR risers to the annular space between the core barrel and RPV.

For NGNP startup in the 2018 to 2021 time frame, SA-508/533 steel should be selected as the
MOC for the RPV. With this choice, the NGNP design must ensure the RPV temperatures
remain within ASME code limits, and should proceed along two parallel paths: (1) Operation
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with a coolant inlet temperature of up to 490°C and design optimization to ensure acceptable
fuel temperatures and prevention of leakage flow to the RPV; and (2) Operation with a more
flexible inlet temperature in the range 490°C to 590°C with an active VCS. For a 2018 — 2021
startup, probably the only feasible backup material for SA-508/533 is 2.25Cr-1Mo (Grade 22)
steel, especially if the configuration/application selected for NGNP is amenable for operation with
a lower primary system pressure (e.g., 5 MPa instead of 7 MPa) that would permit somewhat
thinner wall sections. This material has been manufactured in relatively thick sections, but for
mostly non-nuclear applications. Although Grade 91 steel has been used for a variety of high-
temperature applications, the manufacturing experience with this material has been fairly
negative, especially for manufacturing the thick sections required for an RPV. Potential issues
with this material include the following:

e All completed welds have to be normalized and tempered to obtain the tempered
martensitic structure.

e Local normalizing and tempering of welds will likely result in microstructural problems at
the temperature transition areas and could lead to Type IV cracking.

e The cooling rates from the normalizing temperature required to produce a martensitic
structure will be difficult to achieve throughout the thickness.

o Heat treatment tempering ranges are extremely critical in order to obtain the correct
tempered martensitic condition, requiring the furnace temperature to be controlled to
within +5°C.

The first design path described above entails the risks associated with successful demonstration
of the technology required to optimize the reactor internals design. The second design path may
raise issues about demonstration of a fully passively-safe design. In principle, an active VCS
should not impact the case for passive safety, since a SA-508 RPV could operate for extended
periods with the VCS offline without exceeding damage limits. However, the VCS should be
considered an investment protection system and should be designed with a high degree of
reliability. For NGNP, the reactor internals should be designed for not requiring a VCS, but a
VCS should be incorporated into the design to mitigate the relatively high design and licensing
risks associated with a prototype reactor operating at temperatures well in excess of those for
current generation LWRs. During NGNP operation, RPV temperatures can be measured with
the VCS online and offline to confirm whether or not a VCS is actually required.

In addition to the parallel design paths described above, a parallel technology-development effort
should also be performed to develop an RPV material with higher temperature capability, which
could be beneficial for future Very High Temperature Reactor (VHTR) commercial plants.
Candidate materials include Grades 91, 92, 22V, and 23 steels.

Vi
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Toshiba Corporation has recommended SA-508/533 steel as the material of construction for IHX
vessels and has included Kaowool insulation as part of the design to protect the vessels from
creep damage. Use of SA-508/533 steel for the RPV, cross vessel(s), and IHX vessel(s) would
eliminate any potential concerns associated with bimetallic welds in the primary coolant pressure
boundary.

Vii
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1. INTRODUCTION AND BACKGROUND

For NGNP, two of the key long-lead items are the Reactor Pressure Vessel (RPV) and the
vessel(s) for the Intermediate Heat Exchanger (IHX). This study focuses on evaluating design
options for these two vessels, taking into account the anticipated operating conditions for NGNP,
the available materials and their associated metallurgical and physical properties, and
acquisition, fabricability, and reliability factors that could impact NGNP startup by 2018.

This report includes the following:

o A review of previous material evaluations performed by Argonne National Laboratory (ANL)
[Natesan 2006a, 2006b], INL [INL 2007], and others.

o Detailed thermal and structural analyses performed by KAERI of prismatic-block Modular
Helium Reactor with RPVs manufactured from both industry-proven SA-508/533 steel and
more developmental 9Cr-1Mo-V steel, in order to assess requirements for an active VCS
and to estimate structural design margins.

o Parametric, accident-condition analyses performed by FES to estimate the sensitivity of
peak fuel and RPV temperatures to key design parameters, in order to better establish
priorities for technology development.

o An assessment performed by URS-WD and GA of 9Cr-1Mo-V and other high-alloy steels for
potential use as the RPV MOC, and recommendations provided by Toshiba Corporation for
the IHX MOC based on their IHX designs for various NGNP configurations that are currently
under consideration.

¢ Information provided by JSW on their current and future capabilities for manufacturing large
forgings from SA-508/533 steel and high-alloy steels.

¢ Information provided by a Korean supplier on their RPV fabrication capabilities and issues
associated with transportation and on-site assembly of an RPV.

The current workscope for this phase of Conceptual Design Studies also includes preparation of
a white paper [Richards 2008] on characterizing the effect of NGNP operating conditions on the
uncertainty of meeting project cost and schedule objectives. This white paper is a separate
deliverable and includes discussions on how NGNP operating conditions and schedule could
impact the RPV and IHX designs.
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2. RPV AND IHX PRESSURE VESSEL MATERIAL EVALUATIONS

GA staff and consultant Brian Thurgood reviewed the candidate materials for the RPV and IHX
Pressure Vessel.' URS-WD staff independently evaluated candidate materials for the RPV.
GA also reviewed the published data from ANL [Natesan 2006a, 2006b], INL [INL 2007] and
others. As a current member of various ASME B&PV Code Committees, Mr. Thurgood has
access to all ASME Code data and was a part of the original subgroup that prepared the NH
Subsection for ASME Section Ill Class 1 Components in Elevated Temperature Service. The
following sections comprise material evaluations performed by Mr. Thurgood, GA staff, and the
staff of URS-WD.

2.1. RPV Materials

This section addresses the acceptability of MOC for the NGNP RPV under current ASME Code
definitions, allowable properties, and design stresses. Applicable, relevant regulatory and
industry guidelines concerning potentially suitable candidate MOC were reviewed to meet the
RPV operating conditions of this VHTR for the NGNP.

The various candidate MOC for evaluation included the LWR steels (ASME SA-508/SA-533),
2.25Cr-1Mo, 2.25Cr-1Mo-V, 9Cr-1Mo-V, and other potential MOC candidates as identified by
GA and URS-WD. An assessment was made of the time and effort required to extend or
develop new ASME Code cases as necessary for candidate MOC not qualified for use under
the current ASME Code Section Ill, Division 1, Subsection NH for Class 1 Components in
Elevated Temperature Service [649°C (1200°F)] for the NGNP.

2.1.1. Alternative RPV MOC Candidates

RPV Design Conditions and Requirements for MOC

The VHTR, with helium as the coolant and graphite as the moderator, has been selected by the
U.S. Dept. of Energy (DOE) for the NGNP to demonstrate emissions-free, nuclear powered
electricity and hydrogen production. The NGNP reference concepts are helium-cooled,
graphite-moderated, thermal neutron spectrum reactors with a design goal reactor outlet
temperature of 850°C - 950°C. The GA design for the NGNP [GA 2007] is based upon the gas
turbine-modular helium reactor (GT-MHR) employing a prismatic graphite block core. This GA
NGNP preconceptual design for electrical power production includes the following design
parameters:

Core Thermal Power 600 MWt

' This report only covers materials for the RPV and IHX pressure vessel. High temperature materials for
the IHX itself are covered in the IHX and Secondary Heat Transport Loop Alternatives Study Report [GA
2008].
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Core Inlet Temperature 590°C
Core Outlet Temperature 950°C
System Pressure 7 MPa
He Coolant Flow Rate 321 kg/s
NGNP Design Life 60 years

The candidate MOC being considered for the primary coolant pressure boundary system must
meet the required design criteria for this NGNP RPV based upon current ASME Code and
Nuclear Regulatory Commission (NRC) regulations for LWR licensing per 10CFR50.55a.
ASME B&PV Code Section lll, Division 1, Subsection NB covers Class 1 Components up to
371°C (700°F). If the NGNP design requires the RPV to operate at temperatures above this
limit, the candidate MOC should meet the rules and requirements of the ASME B&PV Code
Section lll, Division 1, Subsection NH, Class 1 Components in Elevated Temperature Service
[up to 649°C (1200°F)].

The main baseline properties of MOC candidates include tensile strength, yield strength,
elongation, reduction in area, creep-rupture strength, low-cycle fatigue, creep-fatigue, and
fracture toughness (impact strength). Other key MOC characteristics include availability,
fabricability, weldability, and good high temperature corrosion resistance within a helium
environment containing low levels of chemical impurities. The RPV MOC must also possess
high strength and stress intensities (allowable stresses) at elevated temperatures for extended
operation under neutron irradiation

From a corrosion/erosion standpoint, the following factors and effects on the MOC must be
addressed:

1. Effect of He coolant chemistry on MOC degradation (i.e., contaminants/impurities in
He gas).

2. Corrosion effects on mechanical properties of candidate MOC.

3. Corrosion/erosion due to particulate-laden He gas flow velocities.

From a welding and heat treatment standpoint, the following factors should be adequately
addressed:

1. Effect of welding processes and heat input on mechanical properties and
microstructures.

2. Effect of post welding heat treatment (PWHT) on high temperature creep strength.
PWHT needs to be optimized to maintain high temperature creep properties.

3. More data are needed on the mechanical properties of thick sections (> 6 inches).
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4. Post-forming heat treatment (PFHT). The higher the amount of cold work performed,
the lower the high temperature creep strength without a PFHT.

The LWR low-alloy steels Fe-0.75Ni-0.5Mo-Cr-V (UNS K12042), in accordance with ASME
material specifications SA-508 and SA-533, are approved in the ASME B&PV Code Sect. llI,
Subsection NB, for Class 1 components only up to 371°C (700°F) for normal operation, well
below the expected NGNP inlet core coolant temperatures in the range 490°C to 590°C. For
accident conditions Code case N 499-2 allows limited excursions in the temperature range of
371°C -427°C for a cumulative time of 3000 hours and in the range of 427°C-583°C for 1000
hours. SA-508/SA-533 steels can be viable candidate materials for the RPV if routing the inlet
coolant through the PSR or use of a VCS (if needed) result in limiting the normal vessel
temperature to less than 371°C. [Natesan 2006a] notes that there is adequate data for the
mechanical properties of SA-508 steel but not in a helium environment. More data is needed on
thermal aging and the corrosion effects of impure helium. This low-alloy steel has only a small
amount of chromium, and therefore will not form a protective surface oxide film to protect
against carburization or decarburization. Since vessels of low-alloy steel have been used for
light-water reactors, there is adequate experience in fabricating welded pressure vessels from
ring forgings and thick plate. Although the NGNP RPV will be larger in diameter than most LWR
vessels, the wall thicknesses required are comparable.

MOC Candidates for RPV Temperatures Above 371°C
[Natesan 2006a] presents some data for low alloy steels above 371°C, but there is a low
probability that these materials would be approved by the ASME for normal temperatures above

this level because of creep damage concerns. For normal vessel temperatures above 371°C,
there are ferritic-alloy steels that appear to be potentially suitable as RPV forging and plate
candidates for further consideration and investigation. Figure 2-1 presents allowable stresses
vs. temperature for the four key ferritic steel grades: 22, 23, 91, and 92.
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Figure 2-1. Allowable Stresses vs. Temperature of Various RPV MOC Candidates

Grade 22(Fe-2.25Cr-1Mo), UNS K21590, ASME SA-182 and SA-336, F22. The well-
established Grade 22, used in both fossil and nuclear power plants, is approved in the ASME

B&PV Code, Section Il for use up to 593°C (1100°F). However, its lower, allowable stress
values at NGNP RPV temperatures (490°C) would require greater RPV wall thicknesses to
meet the above design conditions. This material may be suitable if RPV normal temperatures
can be reduced to the range of 371°C - 427°C (700°F - 800°F). In this range the RPV wall
thickness would probably be less than 10 inches at a system pressure of about 7 MPa. If the
NGNP system pressure could be reduced to about 5 MPa, the RPV wall thickness would
probably be in the range 7 to 10 inches. Thus, while applicable, this proven low-alloy steel is
not considered to be an optimum RPV candidate due to excessive wall thickness and attendant
loads. However, as described below, a vanadium (V) modified version of this steel has
significantly higher stress intensities at elevated temperatures than Grade F22.

Grade 22V (Fe-2.25Cr-1Mo-0.25V), UNS K31835, ASME SA-182, SA-336, SA-541, F22V.
Grade 22V is approved for use under the ASME B&PV Code, Section VIII but not under Section
lll. While there are adequate tensile strength data at 500°C, it is only approved up to 482°C

(900°F). Limited high temperature creep and thermal aging data are available. There is thick
section fabrication and welding experience derived from the oil and gas industry. As with other
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MOC, more data are needed on compatibility with impure He gas. This steel has good hot-
strength properties but requires an ASME code case for Sect. lll, Div. 1, Class 1 applications up
to at least 490°C (914°F), preferably per Subsection NH, which entails additional property
testing and a series of quarterly ASME Code committee meetings to prepare and approve a
code case.

Grade 91° (Fe-9Cr-1Mo-V), UNS K90901, ASME SA-182, Grade F91 (forgings): ASME SA-387.
Grade 91(plates). Grade 91 (modified 9Cr-1Mo) ferritic alloy (ferritic/martensitic) steel has the
best mechanical properties and is the most industrially-mature of the high strength steels. Its
superior hot-strength properties result from the addition of alloying elements such as V, Cb and
N and optimum heat treatment. Grade 91 is designated as a creep strength enhanced ferritic
(CSEF) steel. It is widely used in cogeneration power plants and supercritical fossil fuel power
units up to the maximum temperatures and pressures. Grade 91 is approved for up to 649°C

(1200°F) in ASME Section Ill, Division 1, Subsection NH, Class 1 component applications. This
alloy is much more resistant to thermal fatigue than austenitic stainless steels because of its
lower thermal expansion coefficient and higher thermal conductivity. Grade F91 provides
excellent mechanical properties at elevated temperatures when produced and heat-treated to
form the optimum tempered martensitic microstructure.

Proper PWHT and welding practices are essential for the successful use of Grade 91 steel as a
durable RPV MOC. There are adequate data on long-term thermal aging with conservative
creep-fatigue limits. As with all other potential MOC, additional data on hot He compatibility
must be obtained. Also, more data are needed on the Grade 91 properties in the thick sections
required for the RPV. Grade 91 is thus considered the best available high-strength ferritic-alloy
steel regarding high temperature properties provided it is heat-treated and welded properly.
Sound welding and PWHT are crucial to the successful use of P91 steel. Hardness testing is
one QC/NDE method of measuring and monitoring the proper hardness of the base metal, weld
metal and weld heat-affected zones (HAZ) of F91 forgings and plate to assure proper PWHT of
this alloy. The Electric Power Research Institute (EPRI) has established hardness testing and
other inspection programs to assess and confirm the P91 properties. Certified Material Test
Reports (CMTR) of Grade 91 and all RPV grades are essential to confirm the chemical and
mechanical properties including hardness at both the mill and in the field.

Although Grade 91 steel has been used for a variety of high-temperature applications, the
manufacturing experience with this material has been fairly negative, especially for
manufacturing the thick sections required for an RPV. Potential issues with this material include
the following:

2 Grade 91 is referred to as P91 in rolled-plate form and F91 for ringed forgings.
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e All completed welds have to be normalized and tempered to obtain the tempered
martensitic structure.

e Local normalizing and tempering of welds will likely result in microstructural problems at
the temperature transition areas and could lead to Type IV cracking.

e The cooling rates from the normalizing temperature required to produce a martensitic
structure will be difficult to achieve throughout the thickness.

o Heat treatment tempering ranges are extremely critical in order to obtain the correct
tempered martensitic condition, requiring the furnace temperature to be controlled to
within +£5°C.

Table 2-1 provides the comparison of allowable stresses for 2.25Cr-1Mo and 9Cr-1Mo-V steels
taken from the ASME B&PV Code Section Il Division 1—Subsection NH Class 1 Components
in Elevated Temperature Service and, in certain cases where directed by the NH subsection,
they were taken from ASME Section Il Part D. These cases are noted. Also included are the
proposed weld reduction factors which are applicable to pipe fusion welded long seams only,
but which probably will eventually be applied to all long seams, including those in vessels.
Table 2-2 shows a comparison of allowable stresses for three materials (2%.Cr/1Mo,
2Y/,Cr/1MMo/V and 9Cr/1Mo/V) at the maximum allowable temperatures in Section VIII Div 1 for
24Cr/1Mo/V at 482°C (900°F).

As discussed below, some other candidate MOC for the RPV also offer superior high
temperature properties.

Grade 23 (2.25Cr-1.6W-V-Cb), UNS K41650, ASME SA-182 (Forgings) and SA-387 (Plate).
Grade 23 ferritic-alloy steel is another modification of Grade 22 in which W, V, and Cb are used
as alloying elements to obtain superior elevated temperature properties. Its high-temperature

tensile strength and allowable stresses are significantly better than Grade 22 up to 649°C
(1200°F). In fact, the stress intensities of Grade 23 are only slightly less than Grade 91 up to
649°C and are essentially equal to Grade 91 in the 482°C - 510°C (900°F — 950°F) temperature
range, covering the 490°C (914°F) inlet He gas coolant temperature. An ASME Code Case
2199-3 on Grade 23 was approved on 04/18/06 allowing the use of Grade 23 for Section |
construction, which lists its allowable stresses up to 649°C (1200°F) as forgings (SA-182), plate
(SA-387), pipe (SA-335), and tube (SA-213). The next step would be a Code case for use in
Section lll, Class 1 components, Subsection NH. Grade 23 has the necessary hot strength if
heat-treated properly as specified by this code case. It appears to be the economically best
option in the 490°C - 580°C (914°F - 1076°F) core inlet temperature range. Grade 23 would
permit thinner wall components than Grade 22 and is more fabrication-friendly than Grade 91.
However, tight controls of fabrication are required to prevent possible reheat cracking
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Table 2-1. Allowable Stress Intensities and Strength Reduction Factors (Section il

Materials)
2. CrMMo 9Cr/1Mo/V

Stresses

405°C 565°C 405°C 565°C

(923°F) (1049°F) (923°F) (1049°F)
Tensile Stress Reduction
Factor (Section II1)’ 0.84 0.71 0.98 0.89
Yield Stress Reduction
Factor (Section II1)’ 0.89 0.72 1.0 1.0
Tensile Strength Values S, 57.8 ksi? 49.2 ksi 64.5 ksi? 51.4 ksi
Allowable Stress Intensity S, 10.1 ksi 4.7 Kksi 20.5 ksi 11.5 ksi
Allowable Stress Intensity S; 10.1 ksi 4.7 ksi 21.1 ksi 11.5 ksi
Yield Strength Values S, 31.8 ksi® 22.4 ksi 44.7 ksi® 36.6 ksi
Maximum Allowable Stress
Intensity S, 12.2 ksi 5.7 ksi 17.0 ksi 12.9 ksi
Proposed Weld Strength
Reduction Factors* 0.88 0.77 1.0 0.91

1. Specified by the ASME in Section Ill Div.1, Subsection NH, Tables 3225-1 through 3225-4. The
factors apply when the materials are to be used for extended periods at elevated temperatures.

2. ASME Section Il Part D Table U

3. ASME Section Il Part D Table Y-1

4. Currently proposed for long seam fusion welds in pipe

Grade 24 (2.25Cr-1Mo-0.25V-Ti-B), ASME SA-182 (Forgings). Grade 24 ferritic-alloy steel is
economically comparable to Grade 23 and, unlike Grade 23, is not susceptible to reheat
cracking. It is also expected to be more fabrication-friendly than Grade 23. However, Grade 24
is not yet approved for use by ASME Code Section I, much less Section Ill. It has very good
high temperature properties but lacks the necessary ASME Code approvals.
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Table 2-2. Allowable Stress Intensities (Section VIII Criteria)

482°C (900°F)
Product Specification
2 Y4 Cr/1Mo 2 Y, CrMMo/V 9 Cr/1Mo/V

SA 182 Forgings 15.8 ksi 20.3 ksi 19.1 ksi
SA 336 Forgings 15.8 ksi 20.3 ksi 19.1 ksi
SA 387 Plate Class 1 13.6 ksi - ——
SA 387 Plate Class 2 15.8 ksi - ——
SA 542 Plate Grade B Class 4 20.4 ksi* -—-- ——
SA 542 Plate Grade D Class4 -— 20.3 ksi —_—
SA 832 Plate Grade 22V -— 20.3 ksi —
SA 387 Plate Grade 91 -—-- -—-- 19.1 Ksi

*454°C (850°F) maximum

Grade 92 (9Cr-2W), ASME SA-182 (Forgings, seamless). Grade 92 has among the best
elevated temperature tensile properties of any of the above ferritic-alloy steels at both 490°C

(914°F) core inlet temperature and at 649°C (1200°F). For example, its approximate stress
intensities are: 482°C (900°F): 20 ksi; 510°C (950°F): 19 ksi; 593°C (1100°F): 12 ksi; and
649°C (1200°F): 5.6 ksi. These are outstanding allowable design stresses over the entire
temperature range from ambient (almost 26 ksi) to 649°C (1200°F). It would enable the RPV
designer to use lighter wall forgings and components than with most of the other ferritic steel
grades. ASME Code Case 2179-6 was approved on 08/04/06 for the use of seamless Grade 92
tubes, pipes, and forgings in both Sections | and VIII, Division 1 construction. As with all of the
other ferritic-alloy steels, proper heat treatment and welding are critical for its successful
applications. Again, Grade 92 needs ASME Section lll, Division 1, Subsection NH approval, but
it has some of the best high-temperature properties available as an RPV MOC for the NGNP.
The potential issues discussed above for Grade 91 steel would also likely be applicable to
Grade 92 steel.

Other Ferritic Alloy Steels. Other potential ferritic alloy steels that are being researched and
tested for elevated temperature power plant service conditions include Grade E911 (9Cr-1Mo-
0.2V-Cb-N). Grades such as E911 have shown significantly improved high temperature
strength versus Grade 91, but need ASME code cases for Section lll, Class 1, Subsection NH
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to justify serious consideration as a viable RPV pressure boundary MOC. Grade E911 is
covered in ASME SA-182 specification for forged alloy (and SS) piping components for use in
pressurized systems.

2.1.2. ASME Code Case Considerations for RPV MOC Candidates

Grade 91 steel is currently the leading candidate for RPV MOC for use above 371°C because it
is approved for ASME Code Section lll, Division 1, Subsection NH for Class 1 Components in
Elevated Temperature Service (to 649°C) and has excellent high-temperature properties and
extensive power plant service duty. Grade 91 was approved for Subsection NH in both the
2004 and 2007 ASME Codes. The other alloys with superior elevated temperature properties
are Grades 22V, 23 and 92, both comparable in hot strength to Grade 91. Their ASME Code
status is as follows: (1) Grade 23 was approved for Code Section | construction by Code Case
2199-3 with allowable stresses up to 649°C and offers good MOC economics with its lower-alloy
content; and (2) Grade 92 was approved for both Code Section | and VIII Div. 1 construction by
Code Case 2179-6 with superior high temperature strength properties. Grades 23 and 92
appear to warrant the development of code cases for Sect. Ill, Div. 1, Subsection NH use to
provide alternate RPV MOC to Grade 91. If code cases for Grades 22V, 23 and 92 in forgings
and plate for Subsection NH use were actively pursued, it should be possible to prepare and
issue such code cases within about one year, which includes four Code committee meetings.
Without an active sponsor to champion these code cases, the approval process would probably
take approximately two years. Additional high-temperature property testing must also be
conducted on these two grades to qualify them for Sect. Ill, Subsection NH use. Thus, Grade
91 needs the least additional testing and code work to certify its use as an RPV MOC. Grades
23 and 92 merit the necessary code case time and efforts for Sect. Ill, Div. 1, Sub. NH usage.

If a new alloy chemistry is proposed as a MOC that cannot be included into an existing ASME
Section Il approved grade or as a modification of an existing grade, then the time frame for
approval would be at least another year beyond the time required for ASME Code approval (i.e.,
two+ years). ASME requires the proposed MOC already be accepted by a major materials
society such as ASTM before being considered for inclusion as an approved ASME material.
Table 2-3 below summarizes the comparison of major RPV MOC Candidates.

The data that is currently available on the alloys listed below are contained in the following code
cases:

Grade 92 — Code Case 2179-6

Grade 91 — Code Case 2192-5
Grade 23 — Code Case 2199-3

10
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All of the above code cases, however, do not include a request for inclusion in the ASME B&PV
Code, Section lll, Division 1, Subsection NH. Grade 91 has been approved for plate, piping,
and tubing in Section Ill, Subsection NH since the 2004 edition of the ASME Code. The above

Table 2-3. Comparison of Major RPV MOC Candidates (Ferritic Steels)

RPV MOC UNS No. | ASME CODE STATUS RPV MOC RECOMMENDATION

ASME SA-508/533

UNS K12042 Sect. lll, Div. 1, Sub. NB for | Preferred but applicable only if RPV

(Fe-0.75Ni-0.5Mo- use up to 371°C. temperatures do not exceed 371°C

Cr-V)

Grade 22 . Applicable to inlet (490°C-590°C)

UNS K21590 Sect. lll, Div. 1 Sub. NH for temp (only limited by lower allowable
use up to 593°C y

(2.25Cr-1Mo) ) stress)

Grade 22V

UNS K31835 Sect. VIl up to 482°C Needs code case for Sect. I1I/1/NH.

(2.25Cr-1Mo-0.25V)

Srr\lagiiii%o Code Case 2199-3 allows g:;oglgh allowable stresses to

(2.25Cr-1.6W-Cb) | UseinSectlconstruction. | oo\ de case for Sect. I1I/1/NH.

Srr\lagigggm Sect. lll, Div. 1, Sub. NH Most industry mature & widely used

(9Cr-1Mo-V) up to 649°C. MOC. Best current RPV candidate.

S[r\]ag ngg 460 Code Case 2179-6, allows | Highest allowable stresses to 649°C.

(9Cr-2W) use in both Sect. | & VIII. Needs code case for Sect. I1I/1/NH.

Grade 91 Code Case deals with requesting permission to use a modified chemistry for use in
castings. Table 2-4 presents a more detailed summary of the advantages and disadvantages of
the RPV MOC candidates including an indication of the effort needed to gain acceptance by the
ASME B&PV Code, Section Ill, Subsection NH.

Data for ASME Code Case Submission

It is the policy of the ASME Boiler and Pressure Vessel Committee to adopt for inclusion in
Section Il (Material Specifications) only base metal specifications that have been adopted by the
American Society for Testing and Materials (ASTM) or other recognized national or international
organization. All materials discussed in this report, and included in Table 2-4, except the new
material, are already recognized by ASME and ASTM. Typically, the material data contained in
code cases include chemistry ranges, mechanical properties, and maximum allowable stress
values. This data is a prerequisite to any code case submission. More detailed information
regarding the data that is needed to develop a code case for new material, or to expand the
code coverage of an existing material, is contained below and will pertain to the materials
discussed in this report. The information below is not intended to specify every detailed

11
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requirement needed to be included in a code case. Different requirements are expected to be
included in a code case submission depending on its intended application and purpose in
service. The information below concentrates on the expected requirements for a high
temperature creep strength material that will require welding as part of the fabrication process.

12
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Application. For new materials to be incorporated, the code case submitter needs to identify to
the Committee, Sections, and/or Subsections, the temperature range of application, and
whether cyclic service or external pressure is to be considered. The submitter must identify all
product forms, size ranges, and specifications for which incorporation is desired.

Mechanical Properties. The code case submitter must furnish the Committee with adequate
data on which to base design values for inclusion in applicable allowable stress tables. Such
data includes values of ultimate tensile strength, yield strength, reduction of area, and

elongation, at 100°F intervals, from room temperature to 100°F above the maximum intended
use temperature. Any heat treatment that is required to produce the mechanical properties also
needs to be described.

If the new or existing subject material is planned to be in service at temperatures at which time-
dependent behavior could control design values, stress-rupture and creep rate data for these
properties must be provided, starting at temperatures of about 50°F below the temperature
where the time-dependent properties start and extending to about 100°F above the maximum
temperature that the material is expected to experience in service. The longest rupture time at
each test temperature must be in excess of 6000 hours and shortest time about 100 hours with
at least three additional tests at equally spaced stress values in between. All of the materials
discussed in this document fall into this category of needing time-dependent property analysis.

Minimum creep rate data must also be supplied over the same temperature ranges, with the
lowest stress at each temperature selected to achieve a minimum creep rate of a certain
percentage per hour or less.

For materials intended to be used in welded applications, sufficient time-dependent data must
also be provided for weldments and filler metals to allow the ASME to assess the properties
relative to the base material.

Notch toughness (impact strength) data may also be required depending on the temperatures to
which the material will be exposed in service. The lower the temperature the material will
experience in service, the more likely notch toughness data will be required.

Other Properties. The code case submitter must furnish data necessary to establish values for
coefficient of thermal expansion, thermal conductivity and diffusivity, elastic modulus, shear
modulus, and Poisson’s ratio. This data must be provided over the range of temperatures for
which the material is expected to experience while in service.

14
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Weldability. The code case submitter must supply complete data on the weldability of the
subject material, including data on welding procedure qualification tests made in accordance
with the requirements of ASME Section IX. The welding qualification tests should be made over
the full range of intended material thickness. The data should include postweld heat treatment
(PWHT) requirements (if any), susceptibility to air hardening, effect of welding processes and
procedures on the heat-affected zone (HAZ), weld metal notch toughness, and other
mechanical properties.

Physical Changes. For new materials or materials where little data and/or service experience
exist, it is important to know the degree of retention of properties with exposure to temperature.
The effect of fabrication practices, such as forming, welding, and thermal treatment, on the
mechanical properties, ductility, and microstructure of the material are important, particularly
where degradation in properties may occur.

Requests for Additional Data. Any ASME Committee, Subcommittee, or Subgroup that the
code case affects may request additional data, including data on properties, material behavior,
or any other related subject (such as possible corrosion effects in a hot impure helium
environment) at any time during the review and approval process particularly when considering
new materials or extending coverage of existing materials.

2.1.3. Estimates of RPV Wall Thickness

The ASME B & PV Code Section lll, Div 1, Subsection NB (equation NB-3324.1) gives a
formula for “Tentative Pressure Thickness” of a cylindrical pressure vessel such as the NGNP
RPV:

T =PR/(Sy, - 0.5P),

where:

P = pressure (psi)

R = inside diameter (inches)

Sn = Stress Intensity (psi from subsection NB)
T = Wall thickness (inches)

For the RPV described in the preconceptual design studies report:
P = 1000 psi

R =142.25 inches

Sm = 20,500 psi for 9Cr-1Mo-V (from Table 2-1 above)

15
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Therefore T = 7.1 inches and the current RPV side wall thickness of 8.5 inches should be
acceptable for 9Cr-1Mo-V.> The ASME code states that NB-3324-1 establishes a tentative wall
thickness for the conditions. A detailed stress analysis for the entire vessel would be required to
demonstrate that stress intensities allowed by the ASME Code are not exceeded anywhere on
the pressure boundary.

For an SA-508/SA533 vessel below 371°C, the tentative thickness per equation NB-3324.1 of
the ASME code gives the following: T=(1000 psi x 142.25 in.)/(26,700 psi — 500 psi) = 5.43 in.,
or approximately 6 in. (152 mm) thick. The wall thickness at the supports would be about 8 in.
(203 mm). The top and bottom heads could be thinner than the side wall, perhaps 4 to 5 in.
(102 to 127 mm) thick.

2.1.4. Conclusions for RPV Materials Evaluation

Further optimization of the core inlet coolant flow, and/or possible direct vessel cooling to
reduce the vessel wall temperature to less than 371°C, may allow the use of low-alloy steels
SA-508/SA-533 for the RPV. This would result in reduced project schedule risk, reduced NRC
licensing risk, and would minimize the additional material data required. However, if RPV wall
temperature predictions remain above 371°C, there are a number of candidate materials that
have been identified and evaluated.

A review of the literature leads to the conclusion that Grade 91 (9Cr-1Mo-V) is the leading MOC
candidate for the RPV since it is ASME Code-approved for Section lll, Division 1, Subsection
NH service (to 649°C), well above the 490°C(or 590°C) inlet design temperature.* This CSEF
steel has the best mechanical properties with the widest power industry use of all the ASME
Code high temperature, high strength steels. Grade 91 forgings (Grade F91) appear to be
ideally suited for the RPV environment and core coolant inlet temperature of 490°C (914°F).
Grade 91 CSEF steel must be properly welded with proper PWHT. URS/Washington Division
has Welding Engineers active on ASME Code committees who understand the criticality of
welding and PWHT of Grade 91. If these operations are performed effectively, the superior high
temperature properties of Grade 91 will be realized for very long-term performance, essential for
a NGNP design life of 60 years.

The benefits of 9Cr-1Mo-V (Grade 91) over the other ferritic-alloy grades include superior hot-
strength and oxidation resistance relative to Grade 22 with higher thermal conductivity and
lower thermal expansion than the austenitic (300 Series) stainless steels. The alloying

® As discussed previously, the estimated RPV thickness using 2.25Cr-1Mo steel would be about 10

inches under the same operating conditions.

* As discussed previously, there are some potential issues associated with this material that must be
resolved before any final determination can be made regarding its suitability as a MOC for the RPV.

16
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elements (V, Cb, Nb) substantially increase the creep-rupture strengths and stress intensities
compared to lower Cr-Mo steels. These enhanced properties allow the fabrication of RPV
components with thinner walls, thus reducing thermal stresses and minimizing long-term
thermal fatigue damage. To reiterate, the superior properties of Grade P91 steel depends of the
proper additions of V, Cb, and Nb; optimum heat treatment to produce the correct
microstructure; and maintenance of this microstructure during the P91 service life. Welding and
PWHT are two key factors in creating this optimum microstructure, which can be indirectly
measured/monitored by hardness testing per EPRI procedures, since Grade 91 hardness
correlates well with its ultimate tensile strength.

Two other ferritic-alloy grades being considered are Grade P23 and Grade P92, both of which
have excellent hot-strength properties. Grade P23 high temperature strength is somewhat
below that for Grade P91, while Grade P92 is slightly stronger than P91. All three grades have
good Code-allowable stresses up to 649°C (1200F). These latter two grades are covered by
two ASME code cases. Code Case 2199-3 approved the use of Grade P23 for ASME Section |
applications. Code Case 2179-6 approved the use of Grade P92 for both ASME Section | and
VIII, Division 1 applications. Hence, both Grades 23 and 92 require further ASME Code cases
to qualify for Section lll, Class 1, Subsection NH applications. GA and URS Washington
Division believe their attractive hot strength properties warrant code cases to qualify the two
grades for Sect. lll, Div. 1, Subsection NH use as alternatives to Grade 91. With active ASME
Code committee members attending quarterly code meetings, it should be possible to issue
such code cases within approximately one year. Additional testing of all three materials in hot
He gas under neutron irradiation and other high temperature tests will also be necessary for
Code and NRC approval in accordance with 10CFR50.55a requirements.

2.2. IHX Pressure Vessel Materials

The candidate materials discussed above for the RPV can also be used for the IHX pressure
vessel. However, the IHX vessel does not have the requirement to radiate heat to the ultimate
heat sink [reactor cavity cooling system (RCCS)] during accident conditions, which allows the
use of insulation on the inner vessel surface to maintain vessel temperatures within ASME code
limits.

Toshiba Corporation has developed IHX designs for two different configurations of the NGNP
heat transport system [GA 2008]. The IHX designs include both more conventional concepts
with helical coil tube bundles and compact concepts using modules based on the diffusion-
bonded, printed-circuit heat exchanger technology developed by Heatric Corporation.®> For the
Toshiba designs, the IHX vessel is a pressure boundary for the primary helium coolant and will

® Additional information on this concept can be obtained from
http://www.heatric.com/compact_heat_exchangers.html.
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be designed according to the ASME Code, Section Ill. The material selected for the IHX vessel
is SA-533/SA-508 steel, and the vessel is insulated with Kaowool to maintain operating
temperatures at about 250°C during normal operation to prevent creep damage. Details
regarding the IHX designs are given in [GA 2008]

18



RPV and IHX Pressure Vessel Alternatives Study Report 911118/0

3. RPV DESIGN CRITERIA BASED ON NRC REGULATORY GUIDANCE

Each of the three NGNP design configurations currently under consideration [GA 2008] were
evaluated by URS-WD in the context of applicable regulatory criteria. Because Title 10 of the
Code of Federal Regulations (10CFR) is the governing set of regulations for licensing domestic
nuclear reactors, including Class 103 licenses and certifications for commercial reactors, URS-
WD based their evaluation on a systematic review of 10CFR, and identified the criteria of
interest for the design alternatives under consideration. The evaluation performed by URS-WD
was compiled into a single report that included the RPV, cross vessel, IHX, secondary Heat
Transport System, and the associated functions performed by these Structures, Systems, and
Components (SSCs). This URS-WD report is included as a section in the IHX and Secondary
Heat Transport Loop Study Report [GA 2008].
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4. THERMAL/STRUCTURAL ANALYSES OF SA-508/533 RPV

Because of its extensive experience base as an ASME code-approved material for LWR RPVs,
SA-508/533 steel is also being evaluated as a material for the NGNP RPV. As discussed in
Section 6, this material may be the only viable option for a 2018 — 2021 NGNP startup because
of the long-lead time to procure an RPV and the relatively tight schedule. As shown in Table 4-
1, SA-508/533 steel was selected for an earlier, 350 MWt MHR concept with a steam cycle for
power conversion. However, for the 600 MWt GT-MHR concept [Shenoy 2006], 9Cr-1Mo-V
steel was selected as the RPV material to accommodate the GT-MHR’s higher temperature
design points for primary coolant inlet and outlet temperatures. Because the NGNP concept is
expected to operate at temperature design points that are similar or higher than those for the
GT-MHR, modifications to the reactor internal design are required to ensure an RPV
manufactured from SA-508/533 steel operates within the ASME Section Ill code temperature
limits given below:

Normal Operation (Service Level A): 371°C
Accident Conditions (Service Levels C and D): 538°C for up to 1000 h

Accident conditions include both loss of flow accidents (LOFAs) and loss of coolant accidents
(LOCAs).°

For the GT-MHR, the inlet coolant flow is routed through riser channels between the core barrel
and RPV (see Fig. 4-1). With this configuration, the design of the reactor vessel (especially
materials selection) is driven in large measure by the coolant inlet temperature (see Table 4-1).
As shown in Fig. 4-2, the MHR reactor internals can be designed to route the inlet flow through
the PSR to provide additional thermal resistance between the inlet flow and reactor vessel,
which may allow use of SA-508/533 steel for the RPV if the inlet temperature is not greater than
about 490°C.” A VCS can also be incorporated into the reactor internal design to ensure the
RPV operates at temperatures below the ASME code limit of 371°C. Preliminary evaluations of
these design modifications were performed as part of the Pre-Conceptual Design Studies [GA
2007]. For this special study, KAERI and FES have performed additional evaluations, which
include more detailed modeling of the reactor internals modifications and RCCS. The work
performed by KAERI and FES is described in the following sections.

® For gas-cooled reactors, a LOFA is also referred to as a High Pressure Conduction Cooldown (HPCC),
and a LOCA is also referred to as a Low Pressure Conduction Cooldown (LPCC).

” For this configuration, a pressure gradient will exist between the PSR riser channels and the reactor
core. Cross flow through horizontal gaps is mitigated by incorporating sleeves in the PSR riser channels.
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Table 4-1. RPV Design Parameters for 350 MWt and 600 MWt MHR Concepts

Parameter 350 MWt RPV 600 MWt RPV
Avplication Electricity production, Electricity production, direct
PP steam cycle Brayton cycle (GT-MHR)
RPV Material SA-508/533 9Cr-1Mo-V
Design Temperature, °C 288 495
Max. Operating 210 474
Temperature, °C
Primary Coolant Inlet/Outlet 258/687 490/850
Temperatures, °C
Design Pressure, MPa 7.2 8.0
Operating Pressure, MPa 6.4 71
RPV Outside Diameter
(Shell), m 6.8 7.5
RPV Outside Diameter 74 8.2
(Flange), m
RPV Thickness (Shell), m 0.133 0.216
RPV Total Height, m 22.0 24.0
RPV Weight, t 728 1328
MHR
PCS Control
' Rods
Core Layout
AnnU|aI’ Permanent ~ Coolant channels
Core sl eflecer _\ Reserve shutdown
Turbocompressor it replacﬂ??le e system channels (18)
refiector Startup control
rods (12)
Selsmic Control r_od
restraint keys_\ E:aei::::aa]tmn

Inner replaceable reflector —
(hexagonal rings 1-5)

Core barrel —/

Borona

Intercooler

'— Active core
102 columns
10 blocks high

ted pin54/

(typical)

Figure 4-1. GT-MHR Concept and Core Layout
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Figure 4-2. RPV and Reactor Internals Design with PSR Coolant Risers and Vessel Cooling

4.1. Evaluations Performed by the Korea Atomic Energy Research Institute

As part of this design study, KAERI prepared a report titled “A Preliminary Analysis for a Cooled
SA-508/533 Reactor Pressure Vessel.” This report is included as Appendix A. Key results from
this report are summarized below.

Summary of Key Results

Both thermal and structural analyses were performed. Thermal analyses were performed using
the GAMMA+ code (based on RELAP) and the commercial CFX code. CFX was used for
detailed modeling of the region from the Permanent Side Reflector (PSR) to the RCCS.

Figure 4-3 shows the GAMMA+ model used to evaluate the cooled-vessel concept. This model
includes the reactor coolant system, the reactor cavity, the RCCS, and the VCS. The solid
regions include a total of 675 mesh points and are modeled in either two or three dimensions.
The fluid regions include a total of 375 mesh points and are modeled using a combination of
one- and two-dimensional flow networks. In particular, two-dimensional representations are
used for the reactor cavity and annular space between the core barrel and RPV in order to
model natural convection. Thermal radiation is modeled in the upper plenum, the annular space
between the core barrel and RPV, the reactor cavity containing the RCCS panels, and the
annular space between the RCCS downcomer wall and reactor cavity wall. As shown in Fig. 4-
4, a detailed flow network model is used for the reactor core region, which accounts for bypass
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flow through vertical gaps and cross flow through horizontal gaps. For this analysis, horizontal
gaps were assumed to be 2 mm and vertical gaps were assumed to be 1.5 mm.
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Figure 4-3. GAMMA+ Model for Evaluation of Cooled-Vessel Concept

As shown in Fig. 4-5, the CFX code was used to model a 1/54 sector corresponding to the
region associated with a single PSR riser channel, extending in the radial direction from the
PSR to the RCCS downcomer wall. The height of the computational domain is approximately
20 m.

As shown in Fig. 4-6, the KAERI configuration includes an upper plenum in the top reflector
region.® More detailed design work needs to be performed for this configuration, including
design of support posts and flow-distribution blocks in the upper plenum. Additional work also
needs to be performed to assess potential bypass flow paths. As shown in Fig. 4-7, KAERI has
developed two concepts for the flow distribution block. Both concepts provide a center well to

® The GT-MHR concept [Shenoy 1996] uses a metallic shroud and metallic upper core restraint (both
made of Alloy 800H) to define the upper plenum. The flow passes through coolant holes in the upper
core restraint and top reflector to the fuel blocks. A potential advantage of the KAERI concept is thermal
protection of the upper plenum structure during core heatup accidents.
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seat the support post and six large holes to collect the coolant flow. The first option uses small

holes to distribute the flow to the fuel block, whereas the second option provides a cavity region

at the inlet to the fuel block.
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Figure 4-4. GAMMA+ Flow Network Model Used for Core Region
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Figure 4-5. Computational Mesh Used for CFX Analyses
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Figure 4-6. KAERI Concept for Upper Plenum in Top Reflector Region
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Figure 4-7. KAERI Concepts for Upper Plenum Flow Distribution Blocks

For an inlet temperature of 490°C, without vessel cooling, and an air-cooled RCCS, the peak
RPV temperature is 348°C during normal operation and 519°C during a LPCC. Hence, for a
490°C inlet temperature, the ASME code limits can be satisfied for both normal operation and

accident conditions without requiring an active VCS. For an inlet temperature of 590°C, an air-
cooled RCCS, and a VCS with inlet temperature of 140°C and flow rate of 3.1 kg/s (less than
1% of primary coolant flow), the peak RPV temperature is 350°C during normal operation and
526°C during a LPCC. Hence, a VCS is required for inlet temperatures above approximately
490°C. Results for steady-state and transient analyses are summarized in Tables 4-2 and 4-3,
respectively. RPV and peak fuel temperatures during HPCC and LPCC accidents are shown in
Figs. 4-8 and 4-9, respectively. The RPV temperatures shown in Fig. 4-8 are for an air-cooled
RCCS and coolant inlet/outlet temperatures of 490°C/950°C.

Table 4-2. Summary of Steady-State Results for Cooled Vessel Analyses

Cases Case1 [Case2 |[Case3 |[Case4 Remarks
Core thermal power, MW 600 600

RCCS cooling type Air-cooled RCCS Water-cooled RCCS

RCS inlet/outlet temperature, °C 490/950 |590/950 ([490/950 [590/950

Heat removal, MW

VCS N/A 3.08 N/A 1.74 VCS inlet
RCCS 1.76 1.36 2.08 2.15 temperature
VCS+RCCS 1.76 4.44 2.08 3.89 of 140°C
VCS helium flow rate, kg/s - 3.08 - 1.48

Peak RPV temperature, °C 347.6 350.0* 313.7 350.0

* Target RPV peak temperature limit during normal operation
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Table 4-3. Summary of Transient Results for Cooled Vessel Analyses

Cases Case 1 Case 2 Case 3 Case 4
Inlet/Outlet, °C 490/950 590/950 490/950 590/950
Accident HPCC |LPCC |HPCC |LPCC |HPCC |LPCC |HPCC |LPCC

Peak fuel temp., °C | 1358 1536 1375 1544 1344 1526 1365 1535

Peak RPV temp., °C 432 519 437 526 381 460 386 466

RCCS Air-cooled Water-cooled
Event scenarios and |1. Core power switches to GA decay curve at time zero
assumptions 2. RCS & VCS flows decrease to zero in 60 seconds (HPCC), and in 10

seconds (LPCC)

3. RCS & VCS pressures remain at 70 bar (HPCC), and decrease to 1
bar in 10 seconds (LPCC)

4. RCCS panel temperature increases from 65°C to 140°C in 5 hours for
the water-cooled RCCS option

Results using the GAMMA+ code show the heat removed during normal operation by a water-
cooled RCCS is approximately 20% greater than that for an air-cooled RCCS, which lowers
vessel temperatures by approximately 30°C. However, multidimensional analyses using the
CFX code showed complex flow phenomena in the vessel cavity that essentially mitigated any
benefit of the water-cooled RCCS (see Appendix A). These phenomena need to be evaluated
in more detail.

A structural analysis of the RPV was performed using the ANSYS code. For temperatures less
than 371°C (normal operation), design criteria from Section Ill, Subsection NB of the ASME
code were used. At temperatures above 371°C (accident conditions), design criteria from Code
Case N-499-2 and the Subsection NH assessment procedure was used. This analysis
confirmed the structural integrity of the RPV. Internal pressure dominated the stress intensity
and stresses from thermal loads during normal operation and accidents had a minor impact on
structural integrity.
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Figure 4-9. Peak Fuel Temperatures during HPCC and LPCC Events

4.2. Evaluations Performed by Fuji Electric Systems

As part of this design study, FES prepared a report titled “Analysis of follow-on to the accidental
condition analyses using 3D ANSYS model” [FES 2008]. Because of Japanese nuclear export
control restrictions, this reference will be provided to BEA as a separate document with
appropriate restrictions for distribution. Key results from this report are summarized below.

Summary of Key Results

The calculations performed by FES consisted of a set of parametric studies of LPCC and HPCC
accidents using the 30-degree sector ANSYS model shown in Fig. 4-10. The FES model does
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not include a VCS and incorporates a 100-mm thick layer of carbon insulation on the PSR to
reduce RPV temperatures during accident conditions. This insulation layer also includes B,C to
reduce fast neutron flux to the RPV. For normal operation, the FES results are consistent with
the KAERI results described in Section 4.1 (i.e., a VCS is not needed to satisfy ASME code
limits for an inlet temperature of 490°C, but a VCS would be required for an inlet temperature of
590°C). A total of 21 calculations were performed and the following parameters were varied:

Reactor Thermal Power: 500 MW, 550 MW, and 600 MW

Coolant Inlet Temperature: 490°C and 590°C

Coolant Outlet Temperature: 900°C and 950°C

Decay Heat: nominal and 15% higher than nominal

RCCS: air cooled and water cooled

Graphite Thermal Conductivity: unirradiated, irradiated, and irradiated + annealed

The FES model is similar to the model used for the Preconceptual Design Studies [GA 2007],
but with several improvements to improve the modeling and numerical accuracy. These
improvements include a more detailed radiation exchange model between the RPV and RCCS,
a more rigorous treatment of neutron-irradiation effects on graphite thermal conductivity, and
more detailed treatment of temperature-dependent properties. As a result of these modeling
improvements, peak RPV temperatures are approximately 40°C lower and peak fuel
temperatures are approximately 10°C higher than results obtained using the previous model.

Most of the calculations were performed for a 108-column core, which reduces power density by
about 5% but increases the heat-transfer path to the RCCS heat sink by about one-half the
width of a graphite fuel element. For a LPCC event, the net effect is an increase in peak fuel
temperature of about 30°C relative to a 102-column core and little or no impact on RPV
temperatures.
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Figure 4-10. 30-Degree Sector ANSYS Model

Assuming decay heat is 15% higher than nominal to account for uncertainties results in an
increase in peak fuel temperature of about 110°C and in an increase in peak RPV temperature
of about 30°C. °

Graphite thermal conductivity has a significant impact on peak fuel temperatures but a negligible
impact on RPV temperatures. For fully-irradiated graphite, peak fuel temperatures are
approximately 165°C higher than those for unirradiated graphite. Accounting for thermal
annealing of irradiated graphite reduces peak fuel temperatures by about 60°C.

Assuming decay heat is 15% higher than nominal, irradiated graphite with annealing, and an air-
cooled RCCS, a thermal power level between 550 MW and 600 MW will result in peak fuel
temperatures below 1600°C and peak RPV temperatures below the ASME accident-condition
limit of 538°C during a LPCC event. For these assumptions, Figure 4-11 shows the peak fuel

% Based on previous uncertainty assessments performed by GA, increasing the decay heat by 15%
approximately accounts for the effects of uncertainties in graphite thermal conductivity, RPV emissivity,
and other parameters on peak fuel temperatures. For future studies, more rigorous sensitivity studies
should be performed to better quantify uncertainties. In response to an action item from the 90% design
review meeting for this phase of NGNP conceptual design studies, KAERI has prepared a preliminary list
of parameters for performing sensitivity studies. This list is included as Appendix B of this document.
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and RPV temperatures and Fig. 4-12 shows the corresponding temperature distribution at the
time of peak fuel temperature.
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Figure 4-11. Peak RPV and Fuel Temperatures during LPCC with +15% Decay Heat
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Figure 4-12. Temperature Distributions during LPCC with +15% Decay Heat

The FES results indicate a water-cooled RCCS at 65°C provides only a modest reduction (~9°C)
in RPV temperatures relative to an air-cooled RCCS. If the RCCS is allowed to operate in
boiling mode (140°C), there is no reduction in RPV temperatures relative to an air-cooled RCCS.
For an air-cooled RCCS, increasing the panel flow area by 50% results in only a 3°C reduction
in peak RPV temperature.

4.3. Control of Primary Coolant Leakage

As discussed in the previous sections, operation with a coolant inlet temperature of 490°C
combined with routing the inlet flow through riser channels in the PSR should result in RPV
temperatures during normal operation and accident conditions that would allow the use of SA-
508/533 steel for the RPV without requiring active vessel cooling. However, if this design
strategy is used, the reactor internals must be designed to essentially preclude any leakage of
the inlet flow to the annular space between the core barrel and RPV. Figure 4-13 shows results
from a previous parametric study [Richards 2007a] in which a fraction of the inlet flow was
assumed to leak into the annular space between the core barrel and RPV. For this study, the
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inlet temperature was assumed to be 510°C, which resulted in a peak RPV temperature of
about 370°C with no leakage flow. As shown in Fig. 4-13, a leakage flow of 2% of the total flow

will increase the vessel temperature by about 40°C.
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Figure 4-13. Effect of Leakage Flow on Normal Operation RPV Temperatures
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5. THERMAL/STRUCTURAL ANALYSES OF 9Cr-1Mo-V RPV

As part of this design study, KAERI prepared a report titled “A Preliminary Analysis for a High-Cr
NGNP Reactor Pressure Vessel.” This report is included as Appendix C.

The modeling approach is nearly identical to that described in Appendix A for the SA-508/533
vessel. The structural analyses confirmed that an RPV manufactured using 9Cr-1Mo-V steel
would satisfy ASME code requirements. However, as discussed in Sections 2 and 6, the
capability to manufacture and weld thick sections using 9Cr-1Mo-V steel needs to be proven
before this material can be considered a viable candidate for the RPV.
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6. VESSEL FABRICATION, TRANSPORTATION, AND ON-SITE ASSEMBLY ISSUES

6.1. Assessment of Japan Steel Works Forging Capability

Toshiba Corporation assessed the capabilities of Japan Steel Works (JSW) to fabricate forgings
for the RPV for a 600-MWt1 prismatic block NGNP from the various candidate materials currently
under consideration (SA-508, 2.25Cr-1Mo, and 9Cr-1Mo-V). Toshiba Corporation also
assessed the current backlog for forging construction at JSW to determine the approximate date by
which forgings for the RPV would have to be ordered to obtain delivery of the RPV in time for a 2018
NGNP startup.

Toshiba Corporation met with JSW to discuss the current capabilities of JSW. In addition, JSSW
provided answers to specific questions posed by GA (see Table 6-1). As indicated in Table 6-1,
JSW is starting to develop capability to supply 9Cr-1Mo-V forgings to support the Fast Breeder
Reactor (FBR) program in Japan,'® but this program is still in the very early stages, and it is
highly unlikely JSW would be able to supply forgings of this material in time to meet a 2018
NGNP startup. For this reason, JSW strongly recommends use of SA-508 steel for the NGNP
RPV. Estimates for the RPV thickness using SA-508 steel are given below:

Cylindrical Shell: 152 mm (6 in.)
Hemispherical Domes: 102 mm — 127 mm (4 in. — 5in.)
Vessel Support Interfaces: 203 mm (8 in.)

Figure 6-1 shows the dimensional capabilities of the JSW forging facilities. Ring forgings are
limited to heights of 10 m and outside diameters of 10 m. Further limitations are imposed by the
round furnace and quench tank, both of which are can accommodate ring forgings with
diameters of 9 m and heights of 6 m. However, because the quench tank has water-circulation
nozzles installed on the tank wall, ring forging diameters are further limited to 8.2 m, unless the
height of the forging is below the height of the nozzles. JSW did previously manufacture a ring
forging for the Monju FBR with dimensions 8.760 m OD x 7.780 m ID x 0.783 m H.

Manufacturing large-sized forged products requires large-sized ingots. JSW has used ingot
sizes of 600 t for SA-508. For 2.25Cr-1Mo, the largest ingot size used by JSW is 250 t, but this
size was determined by product requirements. It may be possible to use larger-sized ingots for
2.25Cr-1Mo, but quality requirements need to be confirmed. For 9Cr-1Mo-V, the ingot weight is
currently limited to 120 t, because segregation causes difficulty with making homogeneous
ingots. As discussed above, Research and Development (R&D) efforts have been initiated for
the purpose of making large-sized ingots with 9Cr-1Mo-V, in order to manufacture large-size

10 Japan intends to re-start the Monju prototype FBR in the near term and intends to start deployment of
advanced FBRs around 2030 [Richards 2007b].
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Regardless of the original ingot weight,

product weights are typically 30% or less of the ingot weight, and as little as 10% of the ingot

weight for complex shapes.

Table 6-1. JSW Answers to Questions from GA

Question from General Atomics

Answer from Japan Steel Works

For what materials does JSW have existing
nuclear pressure vessel component forging
manufacture capability (forging process
equipment, process technology and ASME
B&PV code qualification)?

The manufacturing facilities are not specific material and are used for
LWR RPV material, turbine rotor material (high-Cr steel) and other
materials.

What are the basic steps and process
conditions used by JSW for manufacture of
nuclear pressure vessel forgings?

The basic steps for manufacturing of the nuclear reactor pressure
vessel can be obtained from the home page of JSW:
http://www.jsw.co.jp/en/guide/facilities.html

Basically, it involves, melting, refining, pouring, ingot-making, heat
treatment, machining, and products.

What size limitations does the JSSW nuclear
vessel component forging manufacturing
process have (finished weight, finished ring
forging ID & OD, and finished ring forging
length)?

The product size and weight are strongly affected by the maximum
possible ingot weight. The maximum possible ingot weights are 600 t
for SA-508, 250 t for 2.25Cr-1Mo, and 120 t for 9Cr-1Mo-V. The
product weights are typically results less than about 30 % of the ingot
weights (~10 % in case of complex shapes).

In previous discussions, the maximum JSW
finished ring forging OD has been indicated
to be about 8.2m and that the maximum OD
was limited by the size of the existing
quench tank. Could the quench tank size
be increased, or could an alternative
quench process be used (e.g., water

spray)?

At present, there are no plans to increase the size of the quench tank,
and current operations at JSW do not provide any schedule leeway to
remodel any major facilities.

The 8.2 m diameter limitation for RPVs results from water-circulation
nozzles on the inside of the tank wall, which has an ID of 9 m. If the
product height is sufficiently small (below the height of the tank
nozzles), larger diameter forgings can be put into the quench tank. An
example is a ring forging for the Monju FBR (8.760 m OD x 7.780 m
ID x 0.783 m H).

JSW has also previously indicated to GA
that they will only supply SA-508 nuclear
vessel forgings based on their currently
developed forging process. If this is still the
case, could JSW develop the necessary
forging process capability, including ASME
code qualification, for the alternative NGNP
nuclear vessel materials under
consideration (2%4Cr-1Mo and 9Cr-1Mo)? If
so, what would be the order of magnitude
for both the cost and schedule of the
process development work for each of
these alternative NGNP vessel materials?
If the development work is done, what
would be JSW’s projection of the finished
forging size limitations for the alternative
materials?

JSW still recommends using SA-508.

Technically, 2%4Cr-1Mo is possible. But the product height is relatively
small and the number of the welding lines increases because of the
relatively small ingot weight of 250t. Also, further study is needed for
the cross vessel joint region to maintain the required height. For 9Cr-
1Mo-V the ingot size is limited because of segregation. Because of
the current emphasis on FBR development in Japan, work has started
on developing large-sized forged products of 9Cr-1Mo-V appeared for
FBR in Japan, but this work is still in the design study phase.
Because of the segregation problem, experimental work is also
needed . Also, ingot manufacturing facilities require reservations of 5
to 6 years in advance. Hence, the cost, schedule, and forging size
limitations cannot be determined at this time.

Does JSW have nuclear vessel welding
process capability for joining forged
components (process equipment, process
technology and ASME B&PV code
qualification)? If so, for what materials and
what are the size limitations for finished
welded assemblies?

JSW performs prefabrication of nuclear vessel components.

However, welding and fabrication of these components into final
products are conducted by other companies, typically heavy industries
companies. JSW does not perform ASME certification of nuclear
components. These certifications are performed on the final product
by other companies.
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According to JSW, ingot manufacturing facilities require reservations of 5 to 6 years in advance.
An additional 3 to 4 years is required to produce the final RPV product. Hence, even if the
recommendation by JSW to use SA-508 steel is adopted, the RPV could not be procured in time
to support a 2018 NGNP startup, unless an effort is made to assign a high priority to production
of the NGNP RPV. This would likely require some sort of government-to-government
cooperation between the U.S. and Japan on NGNP. However, development of the FBR and
deployment of additional LWRs currently have a much higher priorities in Japan relative to
development of the Very High Temperature Reactor (VHTR) [Richards 2007b].

Height
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14,000 Ton Hydraulic press with facility for outside pressing
8,000-Ton Hydraulic Press with facility for cross die forging
3,000-Ton Oil Hydraulic Press with numerical control

Figure 6-1. Dimensional Capabilities of JSW Forging Facilities
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6.2. Assessment Performed by KAERI

As part of this design study, KAERI"' prepared a report titled “Manufacturability Evaluation for
NGNP Pressure Vessels.” This report is included as Appendix D. Key results from this report
are summarized below.

Summary of Key Results

As shown in Fig. 6-2, the Korean local supplier is considering two options for manufacture and
transportation of the RPV. For both options, the upper head assembly (above the flange) is
manufactured separately. For the first option, the RPV body is an integrated unit consisting of
an upper body (mid section) and a lower body. For the second option, the RPV body is split into
two components, with the lower body consisting of the cross-vessel region and below. Figure 6-
3 shows the dimensions and weights for the two options.

Option 1 Option 2

Upper Head Assembly | | Upper Head Assembly

-— Upper Body

RPV Body

Lower Body

Figure 6-2. Options for Manufacture and Transportation of RPV

" In the areas related to RPV manufacture and transport, KAERI consults with the local Korean supplier,
DOOSAN Heavy Industries and Construction.
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Option 1 (1 piece RPV body)

* The weight of stud and gasket is excluded. (But it is included in total weight)

Option 2 (2 RPV piece body)

Component oD 1D Height | Weight
P (mm) | (mm) | (mm) | (ton) ﬁ ]»
Head | 8420172263 | 10,2075 | 435 70777%‘7”77 I L
RV [ RPV Body | 8,420.1 | 7,2263 | 21,0083 | 924 TRy I
Total 8,420.1 | 7,226.3 | 31,215.8 | 1,364 A«R A«R m

Component oD ID Height | Weight
(mm) [ (mm) [ (mm) (ton)
Head 8,420.1 | 7,226.3 | 10,207.5 | 435*
RV Upper Body | 8,420.1 | 7,226.3 | 8588.5 325
Lower Body | 8,420.1 | 7,226.3 | 12419.8 599*
Total 8,420.1 | 7,226.3 | 31,215.8 | 1,364

* The weight of stud and gasket is excluded. (But it is included in total weight)

Figure 6-3. Dimensions and Weights for RPV Options

The Korean local supplier has extensive experience with manufacturing RPVs using SA-
508/533 steel, and has also manufactured large vessels using 2.25Cr-1Mo steel for the fossil-
fuel industry. Figure 6-4 shows a vessel with diameter of about 10 m and height of about 44 m
that was manufactured using rolled plates for the Jammnagar Refinery Project. The Korean
local supplier prefers to use 2.25Cr-1Mo steel for higher-temperature applications but does not
preclude the use of 9Cr-1Mo-V steel. For manufacturing components from either 2.25Cr-1Mo or
9Cr-1Mo-V steels, the Korean local supplier indicates that elaborate controls are required to
prevent segregation and cracking in the forging process.

Plate Bending

Rolled Half Shell Completed Vessel

Figure 6-4. 2.25Cr-1Mo Vessel for Jammnagar Refinery project

As is the case for JSW, the Korean local supplier has practical limitations on the sizes of forged
shells because of restrictions imposed by the melting furnace and other equipment. For this
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reason, the Korean local supplier recommends using rolled plates for vessels approaching the
size of the NGNP vessel.
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7. CONCLUSIONS AND RECOMMENDATIONS

Information provided by both JSW and the Korean local supplier confirm that use of SA-508/533
for the RPV material of construction is essentially required in order to support a 2018 — 2021
NGNP startup date. Use of Grade 91 steel (or other high-alloy steels) may be a better material
in terms of design optimization, but it is highly unlikely an RPV manufactured from this material
could be procured in time to support a 2018 startup date, even with a dedicated, international
effort. A key issue associated with Grade 91 steel is uniformity of properties in the ingot sizes
required to manufacture the large forgings needed for an RPV. Developmental work should
continue on Grade 91 steel (and other high-alloy steels, including Grades 22, 22V, and 23),
since higher temperature capability could be a significant advantage for follow-on commercial
plants. Opportunities for collaboration with Japan on development of Grade 91 steel (and other
high-alloy steels) should be investigated, since Japan has started developmental work on this
material to support deployment of advanced FBRs in the 2030 time frame.

Assuming SA-508/533 steel is used as the material of construction for the RPV, operation with a
coolant inlet temperature of 590°C will require use of an active VCS to ensure compliance with
ASME code limits. Thermal analyses performed by KAERI and FES indicate a VCS should not
be required if it is possible to operate the NGNP with a higher core AT (and lower coolant mass
flow) by lowering the inlet temperature to 490°C, with inlet flow routed through risers in the PSR.
Design measures to optimize power and coolant flow distributions should result in acceptable
fuel temperatures during normal operation with coolant inlet/outlet temperatures of 490°C/950°C.
Some of these design measures (e.g., restraint mechanisms and sealing keys to reduce bypass
flow) will require additional design work and technology development to demonstrate their
feasibility and effectiveness. This design strategy would also require the reactor internal design
to essentially preclude leakage flow from the PSR risers to the annular space between the core
barrel and RPV.

For NGNP startup in the 2018 to 2021 time frame, SA-508/533 steel should be selected as the
MOC for the RPV. With this choice, the NGNP design must ensure the RPV temperatures
remain within ASME code limits, and should proceed along two parallel paths: (1) Operation
with an inlet temperature of 490°C and design optimization to ensure acceptable fuel
temperatures and to prevent leakage flow to the RPV; and (2) Operation with a more flexible
inlet temperature in the range 490°C to 590°C with an active VCS. For a 2018 — 2021 startup,
probably the only feasible backup material for SA-508/533 is Grade 22 steel, especially if the
configuration/application selected for NGNP is amenable for operation with a lower primary
system pressure (e.g., 5 MPa instead of 7 MPa) that would permit thinner wall sections. The
first design path entails the risks associated with successful demonstration of the technology
required to optimize the reactor internals design. The second design path may raise issues
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about demonstration of a design with complete passive safety. In principle, an active VCS
should not impact the case for passive safety, since a SA-508 vessel could operate for
extended periods with the VCS offline without exceeding damage limits. However, the VCS
should be considered an investment protection system and should be designed with a high
degree of reliability. For NGNP, the reactor internals should be designed for not requiring a
VCS, but a VCS should be incorporated into the design to mitigate the relatively high design and
licensing risks associated with prototype reactor operating at temperatures well in excess of
those for current generation LWRs. During NGNP operation, RPV temperatures can be
measured with the VCS online and offline to confirm whether or not a VCS is actually required.

Stress analyses using the ANSYS code have confirmed the structural integrity with respect to
ASME code guidelines of RPVs manufactured from either SA-508/533 or 9Cr-1Mo-V (Grade 91)
steel.

Toshiba Corporation has recommended SA-508/533 steel as the material of construction for
IHX vessels and has included Kaowool insulation as part of the design to protect the vessels
from creep damage. Use of SA-508/533 steel for the RPV, cross vessel(s), and IHX vessel(s)
would eliminate any potential concerns associated with bimetallic welds in the primary coolant
pressure boundary.
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APPENDIX A — KAERI Cooled Vessel Study
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